A set of AT-rich repeats is a common motif in prokaryotic replication origins. We have screened for proteins binding to the AT-rich repeat region in plasmids F, R1 and pSC101 using an electrophoretic mobility shift assay with PCR-amplified DNA fragments from the origins. The IciA protein, which is known to bind to the AT-rich repeat region in the Escherichia coli origin of chromosome replication, oriC, was found to bind to the corresponding region from plasmids F (oriS) and R1, but not to pSC101. DNase I footprint analysis showed that IciA interacted with the AT-rich region in both F and R1. When the iciA gene was deleted, the copy number of plasmid F increased somewhat, whereas there was no major effect on the replication of pSC101 and R1, or on the E.coli chromosome.
INTRODUCTION
Initiation of DNA replication in prokaryotic replicons takes place at the minimal origin, which is defined as the minimal DNA sequence required for initiation when the necessary replication factors are supplied in trans. The minimal origin is part of a larger region, the basic replicon, which contains all the genes and elements that are necessary for normal regulation and copy number control.
The minimal origin of the Escherichia coli chromosome, oriC, consists of two main regions ( Fig. 1) , an AT-rich region at which DNA unwinding takes place during the early stages of initiation of replication and an adjacent region to which many proteins involved in initiation have been shown to bind (1) . Both regions contain different repeated DNA sequences that serve as protein binding sites. The origins of several other replicons that function in E.coli have a similar organization ( Fig. 1) , including those of plasmids F, R1 and pSC101, and it has been proposed that there may also be similarities in the mechanism of initiation at these origins (1) .
Multiple protein-DNA interactions have been shown to take place in and around oriC. The DnaA protein (2) , which is the positively acting initiator protein for initiation, binds to 9mer sequences, DnaA boxes, in the middle and right parts of the origin. The IHF (3) and Fis proteins (4) interact with other sequence elements and the Rob protein binds just outside the right part of the origin (5), while the HU protein binds in a more non-specific manner (6) . The IciA protein is known to bind in the AT-rich region of oriC (7) and a newly described protein, HobH, has also been suggested to bind to this region (8) . Finally, the SeqA protein has recently been shown to bind to oriC DNA (9) .
We use plasmid R1 as a model system for control of prokaryotic DNA replication and for understanding the mechanisms that operate during initiation. Initiation of plasmid R1 replication takes place at a unique origin, oriR (10) , and replication is unidirectional. The actual start site for DNA synthesis is, however, located ∼480 bp downstream of the minimal origin (11, 12) . The initiator protein of plasmid R1 is the plasmid-encoded RepA protein, which binds to oriR and functions as a specificity factor that directs the replication machinery to oriR (13) . Although a DnaA box is present also in oriR, binding of RepA to oriR is required before DnaA can bind to the DnaA box (13) .
The binding of proteins to the AT-rich repeat-containing region in oriC suggested to us that similar protein binding might occur in the corresponding oriR region. Furthermore, putative protein binding sites in the form of repeated DNA sequences are present also in the AT-rich region in oriR, although the repeats are different in sequence from those in oriC. In our attempts to further understand initiation of replication at oriR, we therefore decided to search for such origin binding proteins. Here we have used electrophoretic mobility shift assays (EMSAs) and footprint experiments to demonstrate that proteins bind to the AT-rich region in oriR and to the corresponding region in one of the F plasmid replication origins, oriS. One of the origin binding proteins is identified as IciA.
MATERIALS AND METHODS

Bacterial strains and plasmids
The strains and plasmids used are listed in Table 1 . The iciA deletion mutant WBT13 was constructed by Beat Thöny (personal communication) by removal of a 1.15 kb NsiI fragment containing the entire coding sequence of the iciA gene. In its place, a 1.24 kb PstI fragment containing the kanamycin resistance gene from plasmid pUC4K (Pharmacia) was inserted. The iciA deletion was transferred from WBT13 to other strains by standard P1 transduction (14) , selecting for kanamycin resistance. The intR1 strain EC::71CW (15) contains an R1 mini-plasmid integrated into a small deletion in oriC. In this strain, oriC is no longer functional and chromosome replication is instead controlled by the integrated R1 replicon.
* To whom correspondence should be addressed ; hatched boxes, AT-rich direct repeats analysed in this study. The lines below each origin show the AT-rich and control PCR fragments used in the EMSA and footprint (fp) analyses. Note that to align the origins and point out the similarities in organization, the R1 origin is inverted in this figure relative to the published sequence and relative to the other figures. All features are drawn to scale. 
Growth media and determination of single cell resistance
All strains were grown in Luria-Bertani (LB) medium (16) . Antibiotics were added at the following concentrations: ampicillin (Ap), 50 µg/ml; chloramphenicol (Cm), 50 µg/ml; kanamycin (Km), 50 µg/ml; tetracycline (Tc), 30 µg/ml. To measure plasmid copy numbers, single cell antibiotic resistance levels were determined by plating exponentially growing cells onto LB plates containing different concentrations of ampicillin (17) .
Standard molecular biology techniques
The different replicons were introduced into strains W3110 and WBT13 by electroporation using a Gene Pulser Transfection Apparatus (Version 2-89, BioRad). The electroporation as well as restriction cleavages, Southern blotting, Maxam-Gilbert DNA sequencing, SDS-PAGE for protein separation and silver staining of protein were performed using standard protocols (16) . The low range prestained protein molecular weight standard was purchased from BioRad. Figure 1 . The sequences were taken from the references given in Figure 1 or from references therein. The boxed nucleotides indicate the AT-rich repeats in each fragment. The arrows show the PCR primers used for amplification. Since only one DNA strand is drawn, the actual sequence of the right primers (extension direction leftwards) is complementary to the one given in the figure. 
pSC Rpt 5′-TACACAGGGCTGGGATCTATT-3′ pSC101 50 EMSA
5′-ATAAAGAAAGAATAAAAAAAG-3′
PCR
The sequences and locations of the primers for PCR amplification are given in Figures 1 and 2 and in Table 2 . The primers were synthesized on an automatic oligonucleotide synthesizer (DNA/ RNA Synthesizer Model 394, ABI Applied Biosystems). PCR was run for 30 cycles in a DNA thermal cycler (Perkin-Elmer Cetus) using standard conditions as recommended by the manufacturer. The resulting fragments were purified by gel electrophoresis in non-denaturing 4% polyacrylamide gels. The bands were cut out, crushed and soaked in 0.1× TE buffer (1 mM Tris, 0.1 mM EDTA, pH 7.4), followed by shaking overnight, centrifugation and filtration through Sephadex G-50 columns.
The purified PCR fragments were boiled for 2 min and placed in a dry ice/ethanol bath for 2 min before end-labelling with γ-32 P using T4 polynucleotide kinase. For footprinting, one of the primers was end-labelled prior to the PCR. The PCR products were purified as described above and then extracted with phenol/chloroform, precipitated with ethanol and dissolved in water.
Protein purification
The IciA protein was purified essentially as described previously (7, 18) . The IciA-overproducing strain W3110(pISC1) was grown in 10 l of LB medium. At an OD 600 of 0.45, L-(+)-arabinose (final concentration 7.5 g/l) was added and the culture was further incubated for 2.5 h and harvested. In each purification, 10% of the harvest was lysed by repeated freezing and thawing followed by lysozyme treatment and centrifugation (fraction I, 5 ml total volume).
The supernatant was precipitated with ammonium sulphate (0.24 mg/ml), centrifuged and resuspended in 0.5 ml of solution A, consisting of 25 mM HEPES-KOH buffer, pH 7.6, containing 1 mM EDTA and 2 mM dithiothreitol (fraction II, 0.65 ml total volume).
Fraction II was filtered through a Sephadex G-50/75 column (dry weight ratio 1.5:2, bed volume 25 ml) equilibrated in solution A containing 50 mM KCl. The protein content of fractions from the eluate was measured with a UV monitor (Pharmacia) at 280 nm. Selected fractions were assayed by SDS-PAGE and by EMSA (see below). The fractions showing the highest activity in the EMSA were pooled (fraction III, 29 ml total volume).
Fraction III was loaded onto an FPLC column (MonoS H/R 10:10, bed volume 10 ml; Pharmacia) equilibrated in solution A containing 50 mM KCl. The column was eluted with a linear gradient of 0.05-0.6 M KCl in solution A and the active fractions were pooled (fraction IV, 6 ml total volume).
Fraction IV was loaded onto a second FPLC column (MonoQ H/R 1:1, bed volume 1 ml; Pharmacia) and eluted in the same way as the MonoS column. The most active fractions were again pooled (fraction V, 0.8 ml total volume). Fraction V contained 2.24 mg protein, with a specific band-shifting activity of 0.7 U/mg (for definition of units see 7) in the presence of 0.5 µg salmon sperm DNA. The N-terminal end of the purified IciA protein in fraction V was sequenced by matrix-assisted laser desorption using a Kompact MALDI II instrument (Kratos Analytica) with α-cyano-4-hydroxycinnamic acid as matrix. The spectra were externally calibrated with horse apomyoglobin.
Electrophoretic mobility shift assays (EMSA)
The EMSA reactions (20 µl total volume) were carried out in 25 mM HEPES-KOH, pH 7.6, containing 5% glycerol, 1 mM EDTA, 2 mM dithiothreitol, 75 mM KCl and 1.6 fmol labelled PCR fragments. In EMSA with crude extracts, or with different fractions from the protein purification steps, 0.5 µg salmon sperm DNA was included (∼10 4 -fold more than labelled DNA by weight). In EMSA with purified IciA protein, 1 µg bovine serum albumin (BSA) was added to the reaction mixture, but no salmon sperm DNA. The reactions were incubated at 30_C for 15 min, after which they were subjected to electrophoresis through non-denaturing 4% polyacrylamide gels at 4_C. The bands were visualized in a phosphorimager (Molecular Dynamics).
DNase I footprinting
The footprint reactions (25 µl) contained 25 mM HEPES-KOH, pH 7.6, 75 mM KCl, 5 mM MgCl 2 , 1 mM CaCl 2 , 2.5 µg BSA, 17% glycerol, 10 000-15 000 c.p.m. of the labelled fragment and purified IciA protein. After incubation for 15 min, DNase I (4 ng in 1 µl H 2 O) was added and the mixture was incubated for 30 s. The digestion was stopped by addition of 5 µl 0.2 M EDTA, 2 M NaCl and 4% SDS. Proteins were removed by phenol/chloroform extraction and the DNA was precipitated with ethanol containing 750 ng carrier tRNA and washed in 70% ethanol. Finally, the DNA was subjected to electrophoresis in 8% polyacrylamide sequencing gels containing 7 M urea.
Flow cytometry
Flow cytometry was performed using standard protocols (19) . Briefly, samples were removed from the cultures and fixed in ethanol (70% final concentration). For analysis, the samples were washed and stained with a combination of ethidium bromide and mithramycin A. Plastic calibration beads with a diameter of 1.5 µm were included as an internal standard. The sample analysis was performed with an Argus flow cytometer (Skatron). To analyse the replication characteristics of the strains, rifampicin (300 µg/ml) and cephalexin (10 µg/ml) were added and samples were removed at the time points indicated in Figure 7 . Rifampicin blocks initiation of chromosome replication while ongoing rounds of replication are allowed to continue to termination (run-out of replication, explained in 19). Cephalexin is added to inhibit cell division during the run-out to prevent underestimation of the average DNA content of the cells.
RESULTS
Protein binding to the AT-rich region in oriR
To investigate protein binding to the 9mer repeats in the AT-rich region in oriR, a DNA fragment carrying the repeats was PCR amplified (fragment R1 Rpt, see Figs 1 and 2) . Crude proteins were extracted from E.coli strain C600 and from the same strain containing either a large (pKN401) or a small (pOU71) plasmid R1 derivative, both temperature-inducible for initiation of replication (see Table 1 ). The three strains were shifted to high temperature before harvest to increase the copy number of the plasmids and, thereby, presumably also the concentration of putative origin binding proteins encoded by the plasmids.
Bandshifts were detected with the extracts from all three strains (not shown), demonstrating that protein(s) bound to the repeat- containing regions and indicating that these proteins were encoded by chromosomal genes. With a PCR-amplified fragment from oriC (Chr Rpt 1, Figs 1 and 2) complexes were again detected (not shown). The R1 fragment was competed for binding by an identical unlabelled fragment or by unlabelled Chr Rpt 1 and competition was observed with both fragments (not shown). This suggested that the same protein(s) bound to both the oriR and the oriC fragment.
Binding of purified IciA to the AT-rich fragments
The IciA protein is known to bind to the AT-rich repeat-containing region of oriC (7) . Since the oriR and oriC fragments competed for protein binding (above), the IciA protein was purified to near homogeneity (essentially as described in 18) from an IciA overproducing strain. IciA activity in the various fractions was monitored by EMSA with different PCR fragments (Chr Rpt 1, ctrC, R1 Rpt and ctrR1). Protein sequencing (not shown) of the final fraction (Fig. 3, lane 6) showed that the 16 N-terminal amino acids of the purified protein were identical to the published sequence of IciA (20) .
EMSAs were performed with mixtures of PCR-amplified fragments from oriC (Chr Rpt 2) and oriR (R1 Rpt). Fragment Chr Rpt 1 was exchanged for Chr Rpt 2 to enable differentiation between the fragments in the gels. Bandshifts were detected with both fragments (Fig. 4A) , showing that the IciA protein bound not only to the AT-rich region in oriC but also to the corresponding region in oriR. The affinity appeared to be higher for the oriC-derived fragment. Multiple bands were observed when the IciA concentration was increased. No bandshifts were observed with a control fragment selected from a region near but outside the R1 replication origin (ctrR2), even at the highest amount of IciA added.
To investigate whether IciA bound to AT-rich repeat regions from other replication origins, fragments were PCR amplified from the origins of plasmids F (oriS) and pSC101 (fragments F Rpt 1, F Rpt 2 and pSC Rpt, see Figs 1 and 2) and EMSA was performed. DNA-protein complexes were formed with the fragments from F (Fig. 4B , only fragment F Rpt 2 is shown since F Rpt 1 co-migrated with ctrF), whereas no retardation was observed for the control fragment (ctrF) selected from the region near but outside oriS. The affinity appeared to be lower than for the oriR-derived fragment. Multiple bands were again detected with increased IciA concentration. No bandshifts were obtained with the repeat-containing fragment from plasmid pSC101 (not shown), although it should be pointed out that the origin contains AT-rich stretches also outside of the region tested.
To further study the relative binding affinity and to rule out that the lack of IciA binding to certain fragments was due to differences in the individual reactions, we mixed all four fragments and added increasing amounts of IciA. EMSA analysis of these mixtures (Fig. 5A) confirmed that the relative binding affinity decreased in the order oriC > oriR > oriS. The fragment from plasmid pSC101 (pSC Rpt) was not retarded even at the highest amount of IciA added. Again, more than one complex was formed between IciA and the different fragments.
To identify the individual complexes and to determine the number of complexes formed with each AT-rich region, the fragments were individually incubated with increasing amounts of IciA (Fig. 5B) . Two major complexes were identified for oriC, four for oriR and three (possibly four) for oriS. Note that less protein was added to the oriC reaction.
DNase I footprint analyses
To study the binding of IciA to the F and R1 replication origins, DNase I footprint experiments were performed using the purified IciA protein. New PCR fragments were generated from oriS and oriR (Fig. 1, fragments F fp and R1 fp) .
In oriS (Fig. 6, F) , the first observed effects included the appearance of a strong DNase I hypersensitive site in the spacer region between repeat L and the DnaA boxes. When the amount of IciA was increased, altered cleavage patterns were observed in and around the repeats and also in the DnaA box region. The full extent of the IciA protection was difficult to establish, since the number of DNase I-sensitive sites within the repeats was low.
In the footprint with the oriR fragment (Fig. 6, R1 ), protection first occurred at the spacer between the R and M repeats. When the amount of protein was increased, the protection extended to the R, M and L repeats, the spacer between the M and L repeats and the DnaA box region. Strong DNase I hypersensitive sites appeared within the spacer between the M and L repeats.
Thus, the IciA protein was found to interact with the AT-rich repeat regions in both replicons and altered protection patterns were also observed in the spacer regions. Furthermore, protection was observed in the DnaA box regions in both origins.
Deletion of the iciA gene: effects on plasmid copy number
To search for a possible in vivo role for the IciA protein, plasmid copy numbers were determined in exponentially growing cultures using the single cell antibiotic resistance method (17) . Plasmids pAE6 (F), pKN1562Ap (R1) and pPM30 (pSC101) were transformed into strain W3110 and its corresponding iciA deletion mutant WBT13. The single cell resistance levels were determined and averaged from three experiments and the copy effect, which is defined as the ratio of the copy number in the iciA deletion mutant to that in the wild-type strain, was calculated (data not shown). For F, a copy effect of at most 1.5 was observed in the absence of IciA, whereas the effect on the copy number of R1 was even smaller (v1.2). No effect was observed for pSC101.
Deletion of the iciA gene: effects on chromosome replication in wild-type and intR1 strains
In an E.coli intR1 strain (21), a plasmid R1 derivative has been integrated into oriC, such that oriC is inactivated and chromosome replication is instead controlled by the integrated R1 plasmid. In these strains, small alterations in the replication efficiency of the integrated R1 plasmid have dramatic effects on the cellular DNA content and on the cell cycle characteristics (22) . Thus, intR1 strains were used as a sensitive assay to monitor possible effects of deletion of the iciA gene on the replication efficiency of plasmid R1. The DNA content and replication characteristics of the intR1 strain EC::71CW (15) and its corresponding wild-type parent EC1005, with or without the iciA gene deleted, were measured by flow cytometry. By addition of rifampin, which blocks initiation of chromosome replication but allows ongoing rounds of replication to continue to termination (run-out), the number of origins in the cells was determined. Furthermore, by sampling at different time points after rifampin addition, the kinetics of the replication run-outs were analysed.
The DNA distribution in the exponential growth phase was slightly different in the iciA deletion mutant compared with the wild-type EC1005 strain, whereas it was essentially unchanged when the iciA gene was deleted in the intR1 strain (Fig. 7, upper  row) . The kinetics with which cells with integer numbers of chromosomes started to appear after addition of rifampicin was similar whether or not the IciA protein was present, both for the EC1005 and EC::71CW strains (Fig. 7, middle rows) . Finally, the relative number of cells with different numbers of chromosomes after the run-out had been completed was virtually identical regardless of the state of the iciA gene (Fig. 7, bottom row) . Therefore, neither the chromosome copy number distribution in the cells nor the relative replication fork velocity appeared to be affected by deletion of the iciA gene. Thus, under these growth conditions IciA had little effect on replication of either the E.coli chromosome or of plasmid R1.
DISCUSSION
In this report, we have used EMSA to show that the IciA protein binds to the repeat-containing AT-rich sequences within the minimal replication origins of plasmids F (oriS) and R1. No binding to the corresponding region in plasmid pSC101 was observed. In DNase I footprint experiments with purified IciA protein, altered protection and cleavage patterns were observed in and around the AT-rich regions and the DnaA box sequences in the replication origins of the F and R1 plasmids. The copy number of the F plasmid appeared to be slightly higher in an iciA deletion mutant.
In the initial screen, we reasoned that plasmid R1 might encode its own repeat binding protein. This would be analogous to the situation with the Rep proteins (Fig. 1) , which are encoded by each replicon and which act as specificity factors that direct the replication machinery to the particular replicon. We did not, however, detect any R1-encoded binding activity.
The sequence requirements for IciA binding have not been defined, although footprint experiments demonstrate that the protein interacts with AT-rich regions. It has been proposed that IciA recognizes the 13mer repeats within the AT-rich region of oriC (7, 23) . Lee et al. showed that IciA also binds to the upstream region of the dnaA gene (24) , but no obvious consensus with the proposed oriC binding sites could be deduced. The R1 and F plasmids show similar IciA binding characteristics and the repeats within their AT-rich regions share the sequence 5′-(C/T)NTTTANA-3′. The regions around the oriC and pSC101 repeats contain the consensus sequence 5′-GATCTNTTNTT(A/T)T-3′, but differ dramatically in their IciA affinity. Perhaps the absence of a spacer between the pSC101 repeats affects IciA binding negatively. (It should be noted that the pSC101 origin also contains AT-rich stretches outside the repeat-containing region tested in this report.) Although similarities may be found between the two sequence elements above, we discern no obvious common motif apart from the general AT-richness. Similar sequences are present in the upstream region of the dnaA gene, although not within the proposed IciA binding sites (24) . Mutation analysis of the 13mers in oriC have indicated that IciA tolerates some variation in the binding sequence (23) . Hence, it is possible that both sequence elements and AT-richness contribute to IciA recognition.
The AT-rich region within oriC contains recognition sites (GATC) for the Dam methylase within all three 13mers and in both F and pSC101 one repeat contains or overlaps a GATC site. Therefore, the non-methylated state of the DNA used in the EMSA assays may have affected the results, although preliminary experiments indicate that binding is little affected by methylation (not shown). The R1 repeats do not contain any GATC sequence and are not located close to a GATC site.
With increasing amount of IciA, additional DNA-protein complexes were detected for both F, R1 and oriC in the EMSA analyses. Thus, the AT-rich regions may contain several binding sites with different affinity. Alternatively, at high IciA amounts additional IciA molecules may have associated with the initial complexes by protein-protein interaction. The DNase I footprint analyses indicated that the region protected by IciA in plasmids R1 and F was extended with increasing amount of IciA, lending support to the former explanation.
In the footprint analyses, IciA addition resulted not only in altered cleavage patterns within the AT-rich regions in plasmids F and R1 but also around the DnaA box sequences. No interaction between IciA and DnaA boxes has been reported (7, 23, 24) . The result could be due to contamination with DnaA protein in our purified IciA preparation, although no interaction with the DnaA boxes in oriC was detected by us using this preparation (not shown). Also, in vitro experiments have shown that DnaA requires the plasmid R1-encoded RepA protein to be able to bind to the DnaA box in the R1 replication origin (13) and the IciA protein was purified from a strain which did not contain any R1 plasmid. The significance of the interactions observed in the DnaA box regions is not clear.
The IciA protein was isolated using EMSA and studied in an in vitro replication system (7) . IciA was shown to exert a negative effect and it was proposed that the protein may play an inhibitory role in initiation of chromosome replication by preventing unwinding of the AT-rich region in oriC (7) . Whether this is the true in vivo function is not clear and the only reported effect of IciA overexpression is a prolonged lag phase when a stationary phase culture is diluted into fresh growth medium (20) . IciA has also been shown to act as a transcriptional activator of the dnaA gene (24) . Our results do not resolve the question of the in vivo role of IciA. The increased copy number of the F plasmid in the iciA deletion mutant may be taken as evidence for a regulatory role in initiation of DNA replication, but this suggestion receives little support from the results obtained with the oriC and R1 replicons. However, only a limited number of growth conditions have been evaluated. It is possible that IciA and, indeed, also several other origin binding proteins, only exert their effect under certain conditions. These proteins may, for instance, act during starvation for different nutrients or during sudden changes in the growth rate or in the environmental conditions (cf. discussion in 24). If so, a lack of observable phenotypes in laboratory experiments may only reflect a failure to identify the relevant situation in which a given protein is important for regulation.
